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Abstract: Late gadolinium enhancement is a useful tool for scar detection, based on differences in the volume of distribu- 
tion of gadolinium, an extracellular agent. The presence of fibrosis in the myocardium amenable to be detected with late 
gadolinium enhancement MRI is found not only in ischemic cardiomyopathy, in which it offers information regarding vi- 
ability and prognosis, but also in a wide variety of non-ischemic cardiomyopathies. In the following review we will dis- 
cuss the methodological aspects of gadolinium-based imaging, as well as its applications and anticipated future develop- 
ments. 

Keywords: Cardiac, late gadolinium enhancement, magnetic resonance imaging, CMR, viability. 



BACKGROUND 

Myocardial Viability 

Viability means living, and myocardial viability refers to 
myocardium that is living, and contributes to, or has the po- 
tential to contribute to, systolic ejection of blood. The term is 
mostly used in relation to decisions on revascularization in 
patients with coronary artery disease. In patients with re- 
duced left ventricular function it is important to determine 
whether myocardial tissue with reduced function and re- 
duced blood supply will actually benefit from re-establishing 
blood supply. In this setting, the gold standard for viability is 
a retrospective one: the ability to improve function after re- 
vascularization. Accurate viability tests are important for 
diagnostic and prognostic purposes and, although retrospec- 
tive studies suggest large benefits, there is a striking lack of 
prospective randomized controlled clinical trials determining 
the effect of viability testing on morbidity and mortality in 
patients with coronary artery disease. 

Before the introduction of gadolinium contrast agents, 
there were two main principles for viability testing: function 
and metabolism. The first is utilized in low-dose dobutamine 
stress, where an improvement in function from rest to 10 (- 
20) microgram/kg/min of dobutamine is used as a marker of 
viability. This can be done with either echocardiography or 
magnetic resonance imaging [1]. The second principle, me- 
tabolism, is exemplified by positron emission tomography, 
which can demonstrate uptake of radioactively labelled glu- 
cose and simultaneously quantify blood flow in the same 
tissue [2, 3]. 

With the introduction of gadolinium contrast agents in 
cardiac MR, a new principle was established: late gadolin- 
ium enhancement imaging (LGE). The concept is based on 
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the delayed wash in and wash out in tissue with an increased 
proportion of extracellular space. In the setting of an acute 
myocardial infarction, this is caused by cellular necrosis and 
lysis, and edema, while in the chronic infarcted tissue, the 
fibrous scar tissue with its increased extracellular space is 
the basis. The increased amount of gadolinium can be dem- 
onstrated by Tl -weighted imaging, in the time period of 10- 
30 min after contrast administration. 

While late gadolinium enhancement was originally de- 
veloped to image scar, it has also been found useful in other 
kinds of heart disease, mainly in the diagnosis of cardiomy- 
opathies. Different kinds of cardiomyopathies exhibit differ- 
ent patterns of LGE, which opens up entirely new possibili- 
ties in the differential diagnosis in patients with reduced ven- 
tricular function. LGE is based on differences in extracellular 
space in different areas of myocardium and is therefore only 
useful if the disease is regional (e.g. myocardial infarction 
scar, sarcoidosis). In diseases that affect the whole myocar- 
dium the method runs into trouble. The most typical example 
is amyloidosis but general fibrosis also seems to be an im- 
portant part, or common pathway, of the unfavorable remod- 
elling and hypertrophy seen in, for instance, heart failure, 
aortic stenosis and hypertensive heart disease. Fibrosis is 
also a part of normal aging [4]. 

In the following we will discuss the methodological as- 
pects of gadolinium-based imaging, and also its applications 
and possible future developments. 

METHODOLOGY 

Gadolinium Contrast Agents 

Gadolinium (Gd) is an element and is toxic in its un- 
bound state. Therefore, the contrast agents (CA) consist of 
a large molecule with the sole task of keeping Gd bound 
during intravenous injection. There are three different 
groups of carrier molecules with different affinity to Gd 
(cyclic, non-cyclic and others), with the cyclic carriers con- 
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sidered safest (i.e. least likely to release Gd). The carrier 
molecules are relatively large and do not enter the intracel- 
lular space. Thus they are classified as extracellular con- 
trast agents. The ones with the largest molecular size only 
extravasate to a limited degree and can be said to be vascu- 
lar agents, like the gadolinium-based albumin-bound CA 
[5]. An ideal chelating agent has to be stable (in order to 
avoid liberation of unbound Gd), achieve enough increase 
of signal intensity and be soluble in water (to be easily ad- 
ministered to the patient). 

Most of the CA are excreted by the kidneys, having a 
half-life of 2 hours and being almost completely cleared 
from the bloodstream after 24 hours. Although it has been 
considered a safe drug for years, we now know that Gd can 
cause a rare, albeit severely debilitating disease known as 
nephrogenic systemic sclerosis (NSF). This condition, which 
resembles scleroderma, is mainly seen in patients with re- 
duced kidney function, especially those who are in dialysis 
and have undergone multiple angiographic exams with high 
doses of Gd. After the establishment of rigorous guidelines 
for the use of Gd-CA in patients with reduced renal function, 
there have been very few new cases. Some of the CA 
thought to have the lowest affinity to Gd have also largely 
been abandoned. This potential toxicity of current Gd CA 
has prompted the search for new MRI CA without this limi- 
tation. 

MR Imaging for LGE - technical Issues 

Gd is a paramagnetic element and reduces Tl time. Thus, 
Tl weighted sequences like fast low-angle shot (FLASH) 
can be used. The contrast to noise ratio was dramatically 
improved with the introduction of the inversion recovery 
principle (IR), which effectively nulls the signal from normal 
myocardium. 

The technique used for LGE consists of an injection of a 
0.1-0.2 mmol/kg bolus of Gd-based contrast, and after 10-20 
minutes the start of acquisition of Tl -weighted images with 
an adequate inversion time (Tl) to null the signal from nor- 
mal myocardium. Choosing a correct Tl is of crucial impor- 
tance to obtain images with enough diagnostic quality. Op- 
timal Tl varies in each patient and in accordance with certain 
factors such as cardiac output or contrast dosage. The opti- 
mal Tl is that which results in suppression of normal myo- 
cardium (with low signal and, thus, dark image) along with a 
brighter signal from the myocardial cavity and a very bright 
signal in the scar tissue. An optimal Tl should enable the 
examiner to differentiate endo-, mid- and epicardial LGE, 
and also to see possible intracavitary thrombi. 

The Tl can be determined either by trial and error, which 
is effective for experienced examiners, or by using a Look- 
Locker sequence, that acquires a series of images with vari- 
able Tl during one breath-hold, and lets the examiner pick 
the one with the most favorable contrast. It has also to be 
taken into account that the Tl must be increased during the 
examination if LGE images are acquired over a period of 
more than 5 min. 

In order to overcome, at least partially, the disadvantages 
of Tl selection, phase-sensitive inversion recovery (PSIR) 
techniques have been developed. Those techniques, available 
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on some commercial scanners, permit the acquisition of DE 
images without having to pick a precise Tl [6]. 

Physiopathologic Principles of Gadolinium Imaging 

Gadolinium contrast medium has a molecular size that 
allows it to distribute in the extracellular space without en- 
tering the myocardial cells in normal conditions. However, 
under certain pathologic circumstances, either the extracellu- 
lar space may increase or the myocardial cell membrane may 
be disrupted, leading to an increase in the volume of distri- 
bution of gadolinium and, as a consequence, gadolinium 
enhancement. In acute myocardial infarction, for instance, 
cellular necrosis is associated with cell membrane rupture 
and increase in gadolinium distribution [7]. On the other 
hand, in a scar secondary to a chronic myocardial infarction 
the extracellular space will be increased due to collagen de- 
posits [8]. As will be discussed later on, non-ischemic car- 
diomyopathies may also exhibit LGE, due to either of the 
two mechanisms described above. 

Assessment of LGE 

The threshold that should be used to define hyperen- 
hancement is not clear. In clinical practice, LGE is evaluated 
qualitatively by visual estimation, establishing a percentage 
of the thickness of infarcted myocardium in relation to the 
global wall, in order to define the transmural extent of LGE. 
A semiquantitative approach has also been described, using 
the American Heart Association 17 segment model and giv- 
ing each segment a score from 0 to 4 depending on the extent 
of scar (0: no scar, 4: 100% scar). A final score is given by 
the summation of all segments' scores and division of the 
result by 17. 

In addition to visual estimation, some commercially 
available softwares for quantification of scar have also been 
developed. However, the exact threshold to define scar is 
still not clear. Kim, et al. [9] used 2 SD above normal remote 
myocardium, although some concern exists on the possibility 
of overestimating scar size using this approach. 

Correlation to Histopathology 

Hyperenhancement on LGE has a close correlation to 
histopathology proven myocardial necrosis, as demonstrated 
by some studies. In an experimental study, Kim and col- 
leagues [9] demonstrated with ex- vivo MRI that the extent of 
hyperenhancement was the same as the spatial extent of 
myocardial necrosis at 1 and 3 days after infarction, and the 
scar at 8 weeks. In another experimental study, semi- 
automatic techniques for analysis of scar demonstrated the 
best correlation with post-mortem evaluation [10]. Also, the 
reproducibility of LGE for infarct size determination has also 
been demonstrated [11]. 

Limitations of LGE Tl Mapping 

In addition to the variability of Tl between different sub- 
jects and conditions, a second drawback of LGE is that the 
scar size will be somewhat different depending on the time 
delay after contrast injection. This disadvantage, however, is 
probably less important in a clinical setting than in research, 
where quantification is essential. 
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Perhaps the main drawback of the LGE technique is its 
limitation in evaluating diffuse fibrosis. Since the enhanced 
area is defined on the basis of the difference in signal inten- 
sity relative to that of the normal myocardium, if there is 
diffuse fibrosis no differences in signal intensity will be ob- 
served. In order to overcome this limitation, Tl mapping 
techniques have been developed that allow the quantification 
of the relaxation times of the myocardium, with or without 
administration of Gd agents. The most frequently used se- 
quence is the modified Look Locker inversion recovery 
(MOLLI) sequence [12]. Although promising, however, to 
date there are few studies that have applied Tl mapping in a 
clinical setting. 

CLINICAL APPLICATIONS OF LGE 

Acute Ischemic Heart Disease 

Currently LGE MRJ is recommended by the scientific 
societies for scar detection [13] andis a very accurate tech- 
nique for the detection of acute myocardial infarction (MI), 
even in cases with a discrete elevation of necrosis enzymes 
and no ECG changes or wall motion abnormalities [14]. 
Even more importantly, due to its higher spatial resolution 
(1.4 x 1.9 x 6 mm for MRI in comparison to approximately 
10 mm in-plane for SPECT [15]) LGE-MRI detects infarcts 
better than SPECT, especially subendocardial infarctions 
that are missed in SPECT (47% missed subendocardial in- 
farcts in one study [15]). MRI can also detect the ischemic 
area at risk after a coronary occlusion. This area, which 
shows high intensity in T2-weighted black blood images, 
will not show enhancement on LGE MRI, helping to differ- 
entiate it from the infarcted zone. 

LGE-MRI can also offer some important prognostic data. 
The extent of enhanced myocardium correlates with bio- 
markers of myocardial necrosis and left ventricle (LV) ejec- 
tion fraction (EF) at late follow-up in patients with acute MI, 
as demonstrated in one work [16]. Also, in patients with 
reperfused acute MI, the transmural extent of infarction pre- 
dicts improvement in contractile function and LV remodel- 
ling. No differences in functional improvement at follow-up 
were demonstrated in one study between no enhancement 
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and enhancement of up to 25%, but significant differences 
were found with enhancement superior to 25% of wall thick- 
ness [17]. In another work, improvement in contractility was 
not predicted by enzyme levels or total infarct size but by the 
extent of dysfunctional myocardium without enhancement or 
with enhancement <25% [18]. 

LGE MRI is also a useful tool to detect microvascular ob- 
struction (MVO). The visualization of MVO in LGE MRI is 
that of a subendocardial area of low signal intensity sur- 
rounded by enhancement. The detection of MVO has prognos- 
tic implications as well, since it has demonstrated correlations 
with adverse events (heart failure, arrhythmia and even death), 
bigger infarct size, lower EF and LV remodelling [19, 20]. 

Finally, in an acute MI setting, LGE MRI can be useful 
to detect the extent of the infarct peripheral zone. This pe- 
ripheral zone, which possesses lower signal intensity than 
that of the infarct core, corresponds to an area with both vi- 
able and non-viable myocytes. A larger peripheral zone has 
been related to an adverse prognosis with higher mortality at 
follow-up due to arrhythmia [21]. 

Chronic Ischemic Heart Disease 

As has already been discussed, both acute and chronic 
scars from MI show LGE. In order to differentiate between 
the two, the presence of wall thinning as well as T2- 
weighted imaging may be useful; whereas wall thinning sug- 
gests chronic infarction, high-intensity on T2 is due to the 
edema of an acute MI. 

In chronic ischemic heart disease (IHD), the major con- 
tribution of DE MRI is to predict recovery of function after 
revascularization. The presence and extent of LGE are 
strongly associated with the probability of improvement in 
contractility (Fig. 1). Kim and colleagues [22] studied pa- 
tients with LV dysfunction scheduled for surgical or percu- 
taneous revascularization, finding a progressive decrease in 
the likelihood of improvement after revascularization as the 
transmural extent of hyperenhancement increased (contractil- 
ity increased in 78% of segments without enhancement, but 
only in 1 of 58 segments with hyperenhancement >75% of 
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Fig. (1). Two - (A) and four-chamber-view (B) of a patient with coronary artery disease and history of a large anterior and septal myocardial 
infarction (black arrows) with development of a small thrombus in the apex (white dotted arrow). (LV: left ventricle, LA: left atrium, RA: 
right atrium. RV: right ventricle). 
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wall thickness). Further studies have also confirmed these 
findings [23]. 

Finally, another application of LGE in chronic IHD is to 
differentiate between ischemic etiology and non-ischemic 
etiology in dilated cardiomyopathy [24]. In contrast to non- 
ischemic cardiomyopathy, IHD shows enhancement that is 
subendocardial or transmural and affects an area concordant 
with a coronary artery supply territory. 

LGE MRI in Non-ischemic Heart Disease 

Several cardiomyopathies may present with different 
patterns of LGE, but these patterns will either not affect the 
subendocardium or not correspond to any coronary territory. 
LGE in non-ischemic HD may affect the mid-wall or the 
epicardium, with either a diffuse or focal distribution. 

Myocarditis 

Cardiac magnetic resonance (CMR) imaging has 
emerged as an effective tool for the diagnosis of myocarditis, 
with high values of specificity [25]. The pattern of late gado- 
linium enhancement in patients with myocarditis can be in- 
tramural (mainly of septal localization) or, more frequently, 
subepicardial with a patchy distribution (normally localized 
in the basal and mid-ventricular segments of the postero- 
lateral wall) [25, 26]. The presence of late gadolinium en- 
hancement has also been associated with biopsy-proven in- 
flammation in the same area [26]. 

CMR has a good diagnostic performance (80%) in pa- 
tients with chest pain, positive necrosis enzymes and absence 
of coronary artery disease, but its diagnostic capability im- 
proves when associated with endomyocardial biopsy (reach- 
ing 95%). There is a good diagnostic agreement between 
CMR and endomyocardial biopsy for the diagnosis of myo- 
carditis (kappa=0.7) [25]. According to one study [27], the 
accuracy of LGE for the diagnosis of acute myocarditis was 
71%, which increased to 85% when at least one other CMR 
sequence was also positive for myocarditis (either T2- 
weighted imaging or Tl-weighted imaging early after gado- 
linium administration). 

Apart from its diagnostic utility, the presence of LGE in 
patients with myocarditis seems also to have prognostic im- 
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plications [28]. In a recent study, LGE was found to be the 
best independent predictor of overall and cardiovascular 
mortality in a population with biopsy-proven myocarditis, 
with hazard ratio superior to that of LV ejection fraction, LV 
end-diastolic volume orNYHA functional class [29]. 

Finally, new emerging CMR techniques may also pro- 
vide some new insights. The usefulness of CMR with mag- 
neto-fluorescent nanoparticles (MNP) for detecting myo- 
carditis has been evaluated in a recent experimental study, in 
which it was demonstrated that MNP CMR allowed better 
visualization of myocardial inflammation than conventional 
CMR [30]. 

Hypertrophic Cardiomyopathy 

The presence of hyperenhancement in hypertrophic car- 
diomyopathy (HCM) is usually localized in the junction 
points of the right ventricle (RV) in the septum (Fig. 2), as 
well as in the subepicardial and mid-wall in the LV [31]. The 
importance of studying LGE in HCM is due to the fact that 
the disease has been associated with risk of malignant ar- 
rhythmias and sudden death. In a population with HCM 
without significant clinical symptoms, the presence of LGE 
was associated with a greater likelihood of ventricular ar- 
rhythmias in 24h Holter monitoring [32]. In another work, 
the presence of scar in a population of asymptomatic patients 
with HCM was an independent predictor of all-cause and 
cardiovascular mortality [33]. 

Amyloidosis 

The typical characteristic of this condition on MRI is the 
difficulty of choosing an optimal TI value to null the myo- 
cardium, due to the deposit of amyloid. LGE is found in 
most patients (76%) with cardiac amyloidosis according to 
one study [34]. The pattern of LGE can be variable, with 
both subendocardial and subepicardial localizations and 
patchy or diffuse distributions. 

Idiopathic Dilated Cardiomyopathy 

Most patients will show no enhancement, whereas others 
may present with mid-wall hyperenhancement [24]. In this 
study by McCrohon, et al., 13% of the patients with dilated 




Fig. (2). Presence of localized hyperenhancement (white arrows) in a patient with hypertrophic cardiomyopathy at the junction points of the 
right ventricle in the septum (A, basal short axis orientation), as well as in the subepicardial lateral and septal mid-wall in the LV (B, 4- 
chamber-view). (RV: right ventricle, LV: left ventricle, RA: right atrium, LA: left atrium). 
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cardiomyopathy and without significant coronary disease in 
the angiography showed a LGE pattern indistinguishable 
from that of the patients with IHD, suggesting a coronary 
recanalization after MI. 

Other Non-ischemic Conditions 

In sarcoidosis the LGE pattern is usually midventricular 
or subepicardial, and affects specially the basal segments. 
Right ventricular cardiomyopathy may present with LGE 
affecting either the RV free wall or the septum. Chagas dis- 
ease may show a pattern of LGE that is either transmural, 
subepicardial or subendocardial, with the inferolateral seg- 
ments being the most frequently affected. Finally, the asso- 
ciation of biventricular subendocardial enhancement with 
adjacent thrombus is typical for endomyocardial fibrosis. 

Cardiac Resynchronization Therapy 

Several studies have assessed the role of DE-CMR in 
cardiac resynchronization therapy (CRT), showing an asso- 
ciation between the presence of myocardial scar and lack of 
response to this therapy. It was demonstrated in one study 
[35] that a percent total scar of <15% accurately identified 
patients with clinical response to CRT. In another study with 
40 patients, Bleeker and colleagues [36] found a low clinical 
response rate to CRT in patients with posterolateral scar 
(14% vs 81% in patients without posterolateral scar), inde- 
pendently of the presence of baseline LV dyssynchrony. Fi- 
nally, the negative impact of pacing over scar was further 
demonstrated in another work [37], in which scar transmu- 
rality >51%, scar size >33% and pacing over a posterolateral 
scar were related with a suboptimal clinical response to 
CRT. 

However, given the relative contraindication of per- 
forming a CMR in the presence of a CRT device, the use of 
CMR in this subset of patients is limited to the pre-implant 
evaluation, using other imaging techniques for the patient 
follow-up. 

Atrial Fibrillation 

Recently, DE-MRI has also proved its utility in the field 
of atrial fibrillation (AF). Specifically, the group of Utah has 
applied this technique in the left atrium, allowing for the 
visualization of DE in this particular cardiac chamber [38]. 
In a work with 8 1 patients with AF undergoing catheter abla- 
tion [39], the extent of DE in the left atrium was able to pre- 
dict the success of this procedure: while 75% of the patients 
with extensive left atrium enhancement presented AF recur- 
rence after ablation, it was only present in 14% of the pa- 
tients with minimal enhancement and 43.3% of patients with 
moderate DE. The association between left atrium DE and 
stroke was also investigated in another study by the same 
group [40], in which patients with previous stroke had a sig- 
nificantly higher percentage of left atrium DE compared to 
patients without stroke history. 

Detection of Inflammation: 19 F MRI 

In order to detect inflammatory areas, contrast agents that 
infiltrate inmunocompetent cells have been used, allowing 
these cells to be tracked and, as a consequence, effectively 
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delimiting inflammatory regions. Two possible approaches 
are used: one, using paramagnetic nanoparticles, and the 
second, using fluorine isotope. The latter has the advantage 
of lack of background signal and, thus, is highly specific. 

Perfluorocarbons (PFCs) which contain a high concentra- 
tion of 19 F atoms are used. PFCs are taken up by phagocytic 
cells and accumulate in inflammatory regions, offering the 
possibility of detecting inflammation and events to monitor 
treatment. However, it is still unresolved how to widely ap- 
ply this technique in clinical routine [41]. 

CONCLUSION 

LGE MRI is a valuable tool for scar detection, as rec- 
ommended by the principal scientific societies, based on the 
differences in volume distribution of gadolinium between 
normal tissue and that of fibrosis or necrosis. In ischemic 
cardiomyopathy its role in guiding revascularization is es- 
sential and it also offers prognostic information. Other myo- 
cardial diseases may also show different patterns of LGE, 
pointing out the usefulness of this technique in the diagnosis 
and even prognosis of some of these entities. Finally, new 
techniques are evolving that may generate novel applications 
of this technique in the future. 
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